Abstract The purpose of the present study was to determine whether Na+-H+ and Na+-Ca'+ exchanges modulate postischemic recovery of excitation-contraction coupling. Experiments were performed in 43 isolated isovolumic dog hearts perfused with blood (pH 7.40, 141 mmol/L Na+, 34°C, paced at 2 Hz). A 3 x 3 -mm region at the left ventricular (LV) apex was loaded with aequorin for monitoring [Ca'+]i simultaneously with LV pressure. No-flow ischemia for 2 to 3 minutes was followed by 20 minutes of aerobic reperfusion with (1) unmodified control blood (141 mmol/L Na+, pH 7.40), (2) acidemic blood (141 mmol/L Na+, pH 6.60, at 0 to 3 minutes of reperfusion), (3) 
C ontractile dysfunction after brief periods of ischemia has been attributed to increased intracellular Ca'+ (Ca2' overload),1-9 and acidemic reperfusion may modulate recovery by preventing Ca'+ influx into cells.10 Koretsune and Marbanll showed the possible involvement of decreased sensitivity of the myofilaments to intracellular Ca'+ as a mechanism for hypoxic contractile dysfunction. Moreover, we have previously reported decreased Ca'+ responsiveness of the myofilaments after brief periods of no-flow ischemia. 12 Despite the recent accumulation of information in this area, results have often appeared to be contradictory, 13 and no definitive experiments have been done to directly demonstrate increased intracellular Ca 2 (Ca 2 overload) by means of [Ca2] i monitoring on a beat-tobeat basis or its possible modulation by acidosis. This is mainly due to difficulties in detecting transient changes of intracellular Ca2' by available methodologies, such as nuclear magnetic resonance (NMR). 8, 11 An increase of cytosolic Na+ at the end of 20 minutes of global ischemia and during the early minutes of reperfusion has been shown by radioisotope study using rat hearts,14 and cytosolic Ca2' accumulation following the increase of cytosolic Na+ appeared to correlate with deterioration of left ventricular (LV) function. Although Tani and Neely14 proposed the possible involvement of Na+-H+ and Na+-Ca2' exchange from this observation, they could not exclude the possibility that deterioration of LV pressure may be caused by a decrease of peak intracellular Ca 2 (abnormal intracellular Ca 2 modulation). To test the possible involvement of Na+-H+ and Na4-Ca2' exchange in modulating [Ca2] i during reperfusion and to clarify how an increase in [Ca2] i may decrease the responsiveness of the myofilaments to intracellular Ca'+, we studied two sets of interventions in contrast to global ischemia with unmodified control blood perfusion. Experimental protocols include no-flow ischemia for 2 to 3 minutes followed by 20 minutes of aerobic reperfusion with (1) acidemic blood (at 0 to 3 minutes of reperfusion) or (2) hypernatremic blood (at 0 to 20 minutes of reperfusion). To exclude the possibility that hyperosmolarity rather than hypernatremia may modulate LV function, we performed supplementary experiments with hyperosmotic perfusate (at 0 to 20 minutes of reperfusion) produced by mannitol infusion. The nature of each intervention, its rationale, and timing is presented in detail in "Materials and Methods." 
Materials and Methods Isolated Heart Preparation
Isolated blood-perfused hearts were prepared from 43 mongrel dogs as previously described. 15 Each dog was anesthetized with a mixture of 500 mg/kg urethane and 50 mg/kg chloralose and placed on mechanical ventilation. The heart was prepared by insertion of cannulas into the right ventricle (RV) (through the superior vena cava) and the carotid or subclavian arteries. The heart was then isolated by ligation of the superior and inferior venae cavae and descending thoracic aorta and was removed from the thorax. The lungs were removed, and the pulmonary artery was ligated. Coronary perfusion of the isolated heart was maintained by perfusion of the coronary arteries, via the carotid cannula, with a mixture of physiological salt solution plus blood obtained from the animal during preparation of the isolated heart (pH 7.4; Po2, 600 mm Hg; Pco2, 45 mm Hg; hematocrit, 14 .7±0.5%) and circulated by a roller pump through a bubble trap, flowmeter, and heat exchanger (with temperature maintained at 34°C rather than 37.5°C to lessen consumption of aequorin). Coronary perfusion pressure was maintained at 80 to 100 mm Hg throughout the experiment. Coronary venous blood was drained from the RV to minimize ventricular interactive effects. An intramyocardial thermistor was placed in the RV to record temperature. A LV drain was inserted through a stab wound in the LV apex to drain thebesian flow.
The left atrium was opened, and an inflatable balloon was placed in the LV through the mitral valve and secured just below the annulus. A balloon size was chosen so that balloon volume would be greater than LV diastolic volume to ensure that pressure increments would reflect LV rather than balloon tension changes. EKG electrodes and pacing electrodes were secured to the surface of the myocardium.
Light-Collecting System for Aequorin Luminescence
For collection of the aequorin light signal from the surface of the LV, the entire isolated heart preparation was positioned in a light-tight box. The coronary perfusion line distal to the pressure control reservoir and the venous drainage line were positioned in the box, and the rest of the system was located outside the box and connected by light-tight junctions in the baseboard. Electrical wires (including pacing cables, thermistor, and 3F Millar catheter for recording pressure within the LV) were also passed through light-tight junctions. A fluid-tight, shutter-equipped, water-jacketed photomultiplier tube (9635QA, Thorn EMI) was positioned in proximity to the aequorin-loaded myocardial surface. The interface between the aequorin-loaded myocardial surface and the cathode of the photomultiplier tube was held constant by securing a Teflon patch onto the myocardial surface.
Loading Procedure for Aequorin
We used a modification of our recently reported macroinjection technique.15-18An aequorin-loading solution composed of 2.0 mg/mL aequorin, 154 mmol/L NaCl, 5.4 mmol/L KCl, 1.0 mmol/L MgCl2, 12 mmol/L HEPES, 11 mmol/L dextrose, and 0.1 mmol/L EDTA (pH 7.40±0.02) was injected into the interstitium of the epicardium, just beneath the epimysium, with a low-resistance glass micropipette. In toto, 5 to 10 ,lL of the aequorin-loading solution was injected within 3 minutes into a localized apical region of --3x3-mm diameter. The loading area was positioned in the center of the photocathode (1-in diameter 
Signal Recording
Aequorin light signals were recorded from the photomultiplier as anodal current. The dark current was set at zero with the shutter closed. The anodal current was filtered at a time constant of 0.01 second with a variable-analog amplifying device (Fjestad Electronics). The light signal, LV isovolumic pressure, coronary perfusion pressure, and electrocardiographic signals were then simultaneously recorded both on magnetic tape (A.R. Vetter Co) and on chart strip paper (Gould ES1000).
Calibration of Aequorin Light Signals
The calibration procedure used for conversion of light signals to quantitative [Ca2+] levels has been described previously. [19] [20] [21] [22] This procedure involves normalization of the aequorin light at each phase of the experiment by the amount of active aequorin in the preparation and then conversion of the normalized light signal to a [Ca 2+1i value by use of an in vitro calibration curve. At the end of each experiment, the heart was perfused with a 4% solution of the detergent Triton X-100 in 50 mmol/L CaCl2 at a constant flow rate and 34°C. Within 2 minutes, the myocytes were rendered hyperpermeable and discharged all their remaining aequorin, which quickly reacted with the saturating Ca 2+ in the perfusate. The amount of active aequorin remaining in the preparation (Lm. in vivo) at a particular point during the experiment was estimated as described previously.21 '23 In preliminary studies, we varied the duration of global ischemia (1.5 to 3 minutes) and the pacing rate (1.5 to 2.5 Hz) to test the responses of [Ca 2+] during reperfusion. We found that neither <2 minutes of global ischemia nor pacing at <2 Hz produced functional damage. We compared the extent of the [Ca2+]i increase and recovery of LV pressure at every 5-minute sampling point but could not find a significant difference between reperfusion after 2 minutes (n=7) and 3 minutes (n=10) of unmodified global ischemia.
We tried, at most, two periods of global ischemia in each dog heart, but to avoid the possibility that results from the first ischemia might differ from those of the second ischemia by a preconditioning effect,28 we waited more than 2 hours before the second ischemia. For unpaired comparison, we randomized and balanced the number of the experiments involving a first or second ischemia. During Reperfusion Unmodified Reperfusion
Statistics
The effects of ischemia and reperfusion were studied in 17 of the hearts. During 3 minutes of ischemia, systolic pressure development was rapidly and severely depressed to 17±2% of preischemic values with a significant increase of [Ca2]i when ischemic conditions were produced by total occlusion of the perfusion line at the descending aorta. The LV diastolic pressure level also decreased to 66±7% when coronary perfusion was interrupted ("turgor effect"), and no increase in LV diastolic pressure was observed during the subsequent period of ischemia. After 2 to 3 minutes of no-flow ischemia, hearts were reperfused with the same oxygenated mixture of physiological salt solution plus blood, as was used for preischemic coronary perfusion. Both systolic and diastolic LV pressure showed initial increases just after reperfusion, with corresponding increases of systolic and diastolic [Ca 2+]i (Fig 1, top) mmol/L NaCl per minute) for 4 minutes but were never respectively) (Fig 5, middle) . In the setting of prolonged hypoxic contractile dysfunction, Koretsune and Marban"l demonstrated a rise in intracellular phosphate concentration and a fall in pH, both of which can interfere with Ca2'-induced force development by the myofilaments. We cannot apply this result to postischemic dysfunction because metabolites are probably washed out after 20 minutes of reperfusion. Kitakaze and Marban showed a good recovery in intracellular inorganic phosphate and pHi at 30 minutes of reperfusion after 15 minutes of global ischemia in the ferret heart.10 We hypothesize that the possible cause of this decreased responsiveness of the myofilaments to Ca21 during late reperfusion after ischemia is caused by the [Ca2]i increase not during ischemia but during the early reperfusion period, because the increase in [Ca2]i during the early reperfusion period is higher than that during ischemia. We reported increases of peak systolic and diastolic [Ca2]i during short-term ischemia as 1.04±0.07 and 0.39±0.14 ,umol/L, respectively,15 whereas those during reperfusion with unmodified perfusate were 1.67±0.11 [Ca2+], (1 0-6)
L/L, 0.5±+0.3
[Ca2+], (10 Role of Na+-H+ Exchange and Na+-Ca2' Exchange in Ca2' Overload Tani and Neely14 referred to the hypothesis of Ladzunski et al,26 who described the mechanism of Ca2+ overload during reperfusion, and showed consistent results by radioisotope studies. Namely, during ischemia accumulated H+ is slowly exchanged for extracellular Na+ because of extracellular acidosis, but during the first few minutes of reperfusion,37-39 intracellular H+ is rapidly exchanged for extracellular Na+ with normal pH,. Increased cytosolic Na+ therefore causes excessive Ca2+ uptake. Our data concerning acidemic and hypernatremic prevention of the increase in intracellular Ca2+ also support this hypothesis. There is a species difference in the accumulation of Na+ and H+ during ischemia based on Na+ ,K+-ATPase activity40 and in the Na+-H+ exchange activity. 4 Judging from the method of producing acidemia, pHo, (Fig 8) , and this result was qualitatively similar to the result from the ferret heart.16 Moreover, this result suggests that blood may protect hearts from ischemic Ca2+ overload. Third, the modulation of coronary flow during reperfusion by interventions may affect recovery. However, reactive hyperemia showed no significant differences among the three protocols. Fourth, the aequorin signal recorded in these experiments reflects [Ca'+]i in a small region of myocytes located at the LV apex. It is reasonable to assume that performance of these cells is reflective of the heart as a whole, but this hypothesis will require further testing with localized loading in different regions of the heart, especially under conditions such as ischemia and postischemic recovery when enpresent. Fifth, our data showed a little variability of the systolic Ca'+ transient and Ca'+ oscillatory phenomena in diastole, partly because of the filtering conditions and partly because of the design of the light-collecting setups of the blood perfusion system, which requires placement of a photomultiplier tube in a light-tight box with consequent exposure to higher humidity and temperature than is standard for our small animal experiments. Because of higher temperature and humidity, the shot noise of the tube is increased. In the study shown in Fig 8, Sixth, our method for determining the responsiveness of the myofilaments to Ca'+ has a possible complication, eg, whether the population of cells from which light is measured will be a good representative of the population of cells from which tension is measured. To test the viability of myocytes loaded with aequorin by macroinjection, we isolated myocytes from ferret heart after loading, which showed no contractile differences from unloaded myocytes (J.X. Wang, personal communication). These data directly address the ability of our approach to produce indicator-loaded cells with preserved mechanical function. Seventh, the exact mechanism for aequorin-loading is not yet known; however, similar qualitative and quantitative intracellular Ca'2 transients were obtained in papillary muscles loaded by macroinjection17 and myocytes isolated from hearts loaded by the macroinjection approach.18 These, in turn, are the same as those obtained after direct microinjection into myocytes. 17 The rationale behind our loading approach has been based on the assumption that we are able to produce reversible membrane hyperpermeability through exposure to solutions containing a low [Ca`+].64 However, hyperpermeability can be demonstrated in cardiac cells after a variety of mechanical and chemical treatments (see Reference 65 for review), and it is possible that the process of macroinjection itself may in some way contribute to loading. It is of interest to note that molecular biologists have recently been loading large DNA molecules into myocytes for expression by using a similar macroinjection approach. As with our macroinjection technique for aequorin, the exact mechanism behind gene loading remains to be delineated, but its success suggests the possible existence of specialized muscle cell transport systems for large molecules.66 Finally, the degree to which internal shortening may contribute to our observed results cannot be determined in a multicellular docardial versus epicardial oxygenation gradients are whole-heart preparation. Clinical Implications
The present study may have unique clinical relevance because of the physiological nature of this large animal model perfused with blood, which includes leukocytes. First, even after a brief period of interruption of the coronary flow (2 to 3 minutes), Ca21 overload may occur and affect mechanical function, probably without significant cell death. Second, this mechanical dysfunction can be attenuated by interventions during reperfusion: mildly acidemic (pH 6.6) and/or hypernatremic perfusate (149 or 157 mmol/L Na+) and lower heart rates (<2 Hz). Although these interventions decrease myocardial function temporarily, they may be applied, for example, during perfusion after percutaneous transluminal coronary recanalization to attenuate mechanical dysfunction and arrhythmia.
In conclusion, the present study confirms and extends previous observations that there is a transient early rise in both systolic and diastolic [Ca 2+]i during reperfusion after global ischemia, which may cause late postischemic desensitization of myofilaments to intracellular Ca2' and postischemic dysfunction without changing intracellular Ca2' handling. We also have presented data supporting the hypothesis that Ca21 overload during reperfusion is caused by activation of Na+-H+ and Na+-Ca 2+ exchange.
